Thirty-one bacterial type ferredoxins were examined by means of the parsimony method for their phylogenetic implications. The results show reasonable relationships in that photosynthetic, thermophilic, and desulfovibrio groups are identifiable; but a number of interesting anomalies occur. These include a methanogen sequence that clusters among the desulfovibrios. There are several differences from the phylogeny of Woese. At least two duplications producing paralogous genes are demonstrated, plus the probable existence of two more. The partial internal gene duplication that doubled the length of ferredoxin is confirmed by showing that the probability of the two ancestrally reconstructed halves possessing that much similarity by chance is 10e7. Howard and co-workers proposed that the two halves of the Azotobacter vinelandii are reversed relative to most other sequences. A phylogeny, drawn with the halves of the azotobacter sequence (and its relatives) reversed produced a tree that had only three less nucleotide substitutions than did the tree without their halves reversed. This plus other evidence suggests that the significantly greater similarity observed across rather than within the halves is more likely the result of convergence.
Introduction
Ferredoxins represent a class of acidic proteins containing clusters with equimolar amounts of nonheme iron (Fe) and inorganic sulfur (S). They mediate electron exchange between diversified systems of soluble and membrane-bound enzymes. They have redox potentials ranging from +350 mV in photosynthetic bacteria to -600 mV in chloroplasts. Evolutionary studies (Eck and Dayhoff 1966; Hall et al. 197 1) have suggested that ferredoxins were among the earliest biological electron-transfer proteins to appear in primitive organisms.
(4Fe-4s) Clusters can be formed nonenzymically by reaction of peptides containing cysteine residues plus iron and labile sulfide (Que et al. 1974; Aver-ill and Orme-Johnson 1978) . The formation of the other clusters requires a more rigid protein with particular steric restriction. The simplest present-day ferredoxins have been isolated from anaerobic bacteria and contain one or two (4Fe-4s) clusters in a polypeptide of -6,000 daltons. The three-dimensional structure of Peptococcus aerogenes ferredoxin (Adman et al. 1973) shows that each cluster is bound to three closely spaced cysteines and a fourth, more distant cysteine that is immediately followed by proline. The molecule has an approximate twofold axis of symmetry that arose via a partial gene duplication of a polypeptide of -28 residues (Eck and Dayhoff 1966; Fitch 1966; Tanaka et al. 1966; Matsubara et al. 1968) . Von Heijne et al. (1978) have proposed that such a 28-residue polypeptide also could have been a precursor of the rubredoxins and flavodoxins.
Recently, (3Fe-3s) clusters (Xavier et al. 1980, pp. 187-2 13; Beinert and Thomson 1983) have been discovered in several bacteria. These ferredoxins are related to the low-potential (4Fe-4s) ferredoxins (-400 mV) but have a higher potential. The type of iron sulfur cluster linked to the protein is determined by the amino acid sequence that has a function in the protection of the cluster from oxygen and, in thermophilic bacteria, also from heat denaturation.
This paper focuses on bacterial type ferredoxins. Thirty-one amino acid sequences are compared, and their evidence for the systematic phylogeny of bacteria is discussed. Comparative analysis of 16s ribosomal RNA has been used to explore prokaryote phylogeny and has revolutionized bacterial systematics (Fox et al. 1980) . The prokaryotic phylogenies obtained from ferredoxin sequences and 16s ribosomal RNA are compared.
Methods
Trees were constructed by means of the parsimony method of Fitch ( 197 1 b) and Fitch and Farris (1974) in seeking that tree topology that permits the evolutionary development of the ferredoxins with the fewest nucleotide substitutions. The procedure used several different starting trees and employed the swapping of neighboring branches to see whether the tree could be improved. Each such improved tree became the starting point of further branch swapping. The process ended when a tree was found for which no neighbor-branch swaps improved the tree. Insertion/deletion events were not counted in this process. The branch lengths of the most-parsimonious tree were corrected by the procedure given in the Appendix.
Data
The sequences employed were the 3 1 known bacterial ferredoxins (amino acid alignment is shown in fig. 1 , with the two halves representing the ancient partial internal gene duplication shown one under the other [Eck and Dayhoff 1966; Fitch 1966; Tanaka et al. 19661) . Aligned cysteines were assumed to be homologous, and this determined the number of gapped residues in each sequence. Gaps were introduced to increase the number of identical residues, with matches within halves (and between closely related sequences) given more weight than matches between halves. Sequences beyond the region of the partial internal duplication were not employed, since only a few of these sequences have such an extension.
Results
The most-parsimonious phylogenetic tree is shown in figure 2 . It was the best in a set of 85 different trees examined and required 642 nucleotide substitutions. The tree shows that the 31 sequences are divided (from top to bottom) into six major groups as follows: 1, Pseudomonas-Azotobacter (five species, l-5); 2, clostridia (seven species, 6-12); 3, photosynthesizers (five species, 13-17); 4, eubacterial thermophiles (five species, 18-22); 5, Desulfovibrio (four species, 23-26); and 6, archaebacteria (five species, 27-3 1). The last three groups are not, however, monophyletic. The halobacter are an outgroup relative to the other archaebacteria, but these could be made monophyletic (except for the methanobacter; see below) by rerooting the tree so that, relative to the others, species 28-3 1 were the outgroup.
The desulfovibrio sequences 23-26 fail to show monophyly only because D. norway has the paralogous sequence 26 arising by a gene duplication prior (presumably) to the divergence of the desulfovibrio group. Thus, this group is, in fact, monophyletic.
The thermophilic group can be subdivided into two separate groups that are themselves monophyletic. It simply means that thermophily is not synapomorphici.e., that adaptation to higher temperatures has occurred more than once.
There were seven other trees that required only one additional nucleotide substitution. Of these, four were minor variations among the major clostridial group. The remaining three were major variations in that the order of joining Bacillus stearothermophilus, the desulfovibrio, Methanosarcina barkeri, and the other archaebacteria are affected. There were 10, 9, and 11 trees requiring 644, 645, and 646 nucleotide substitutions, respectively. Attempts to find a better tree by starting with M. barkeri placed with the other archaebacteria always failed, with M. barkeri being pulled out of the archaebacteria and attached to the desulfovibrio. One of the trees at 644 substitutions joined the thermophilic clostridia (plus P. elsdenii) to the combined clostridiaphotosynthetic bacteria. The principal uncertainties occasioned by the various nearlymost-parsimonious trees are those involving any joinings of groups with peak heights (ordinate values) >35 substitutions and those within the nonthermophilic clostridia.
The 642 nucleotide substitutions were divided 280,27 1, and 9 1 among the first, second, and third codon positions, respectively. The expected values (Fitch 1973) , if it is assumed that all changes are equiprobable, are 272, 288, and 82, respectively. Overall, there was a small shift from cytosine (C) to guanine (G), with substitutions from C outnumbering those to C, 165 to 102, and those to G outnumbering those from G, 196 to 153. Cysteine-17 is the only unvaried amino acid position. To account for the two halves of the ancestral sequences by means of a partial internal gene duplication requires an additional 16 nucleotide substitutions, indicating the great similarity of the two halves at the ancestral level.
The presence of two different sequences each in both Chlorobium Zimicola and D. norway requires there to have been two gene duplications at the two points shown by diamonds on the graph in figure 2. Three different ferredoxins are known in D. africanus (Hatchikian et al. 1979; Hatchikian and Bruschi 198 1) . Thus, at least one more gene duplication would be required. Moreover, there appear to be two ferredoxins in CZ. thermocellum, the second of which seems, tentatively, to be more like the other two thermophilic clostridia (M. Bruschi, unpublished data). If further work proves this to be true, yet a fourth gene duplication will probably be required to account for the phylogenetic history of the bacterial ferredoxins.
Discussion Alignment
The sequence alignment was considerably improved by considering the two halves as paralogous. It is rather startling how often the same alternative amino acids are found in both halves and even at similar frequencies. For example, at position 22, there are 20, 4, 2, 3, and 1 A's, S's, T's, D's, and E's, respectively, in the first half and 15, 3, 2, 2, and 2, respectively, in the second half. At position 5 there are 19 and 10 I's and V's, respectively, in the first half, and 18 and 10, respectively, in the second half. Position 29 is dominated by V's (predominantly), T's, and A's. Three principle conclusions can be drawn from this. First, the alignment in figure 1 is in fact the homologous alignment. Second, paralogous residues in the two halves are largely performing the same function. Third, where the function permits alternatives, the range of those alternatives is found in both halves, implying that many amino acid replacements have occurred, with the same replacement probably having been repeated numerous times. This helps in aligning the sequences, but this frequent parallelism can be expected to make difficult the sorting out of phylogenetic relationships.
Gene Inversion George et al. (1985) aligned the sequences of Peptococcus aerogenes and Chromatium vinosum with those of several others (taxa 1-3, 5, 21-23, and 25-27; figs. 1, 2) in two ways, once with the Pe. aerogenes and Cr. vinosum sequences in their normal order and once with the order of their two halves reversed. Chromatium vinosum aligned considerably better (1.3-3.1 SDS) with taxa 2 l-23 and 25 when its sequence halves were reversed but aligned better with the other six sequences when its sequence halves were not reversed. For Pe. aerogenes, it was the other way around; it aligned better with taxa 21, 22, and 25 when its sequence halves were unreversed and better with taxa l-3, 5, and 27 when its sequence halves were reversed (for taxa 23 and 26 the order in which the sequence halves of P. aerogenes occurred made little difference). This gave statistical support to the suggestion of Howard et al. (1983) -i.e., that there had been a reversal of the order of the two halves of the ferredoxin gene in the course of its evolution toward the azotobacter group (taxa 1-5; fig. 1 ).
We have not adopted the conclusion of George et al. (1985) -i.e., that there has indeed been a reversal of gene halves-and thus did not, as they did, build our tree from sequences some of which had had their halves reversed. Surprisingly, there is not much difference between the topology of our two trees, apart from a gross difference FIG. 1 .-Alignment of ferredoxin halves. Thirty-one known bacterial type ferredoxins were split in two so as to align the portions, A and B, arising via a gene duplication. Amino acids are represented in the IUB single-letter code. Gaps (') were inserted to increase the similarity within a position, with priority given to obtaining similarity to close relatives over distant relatives and to members of its own half over those in the other half. Pseudomonas ovalis is also known as P. putida, and Peptostreptococcus elsdenii is also known as Megasphaera elsdenii. There are no residues missing between the halves. Amino acids used in this analysis are aligned with a single intervening space between them. Amino acids omitted from this analysis are indicated in that intervening space by the letter for that amino acid if only one amino acid is omitted, by a digit if two to nine amino acids are omitted, and by a # otherwise. The number of omitted N-terminal residues (#) are as follows: taxon 28, 38 residues; taxon 29, 59 residues; and taxa 30 and 3 1, 5 1 residues each. Omitted from the second half of the sequences are the following: taxon 60(29), 23 residues at the #; taxon 47, N T at the 2; taxon 52, E V P E G A at the 6; taxon 53, D I L at the 3; and taxon 59, P H A S E K at the 6. Taxa 1, 2, 3, 4, 5, 17, 22, 30, and 3 1 omit, on their C-terminus, 37, 37, 36, 10, 10, 16, 19, 5 , and 5 extra residues, respectively. The second halves (B) are in the same order as the first (A). The references for the sequences used, given according to the number of the sequence in the figure, are as follows: 1, Howard et al. (1983) ; 2, Hase et al. (1978~) ; 3, Hase et al. (1979); 4, Schlatter et al. (1985) ; 5, Sato et al. (198 1); 6, Rall et al. (1969) ; 7, M. Bruschi (unpublished data); 8, Tsunoda et al. (1968); 9, Matsubara et al. (1983) ; 10, Tanaka et al. (1966); 11, Benson et al. (1966); 12, Tanaka et al. (1974); 13, Hase et al. (1978a); 14, Tanaka et al. (1975a); 15, Tanaka et al. (1975b); 16, Minami et al. (1984) ; 17, Hase et al. (1977) fig. 1 , except that the following positions from fig. 1 were excluded: positions 1 and 2 of the first half, positions 37 and 38 of both halves, and positions 15 and I7-I9 of the first half, these last four having no amino acids present in any of the first-half sequences. The method used was that of Fitch ( 197 lb) and Fitch and Fart-is (1974) , with nucleotide sequences backtranslated from the amino acids with codons chosen to minimize the total number of nucleotide substitutions. Sequence numbers are identical to those in fig. 1 , from which the taxon names also may be obtained. The number of substitutions shown on the branches are corrected minimal substitutions. The basis of the correction is given in the Appendix. The circled node is the penultimate ancestor. The filled diamonds are the most recent points consistent with a required gene duplication. The total substitutions on the uncorrected parsimony tree was 730. The corrected tree shown has 1,507. I substitutions.
in placement of the ancestral root. Thus, the inferred phylogeny of the taxa are largely unaffected by the order of the two halves within these taxa.
There are several reasons for not adopting the hypothesis of sequence reversal. There is no question about the statistical significance of the alignment results of George et al. ( 1985) . But what is the test? One null hypothesis is that the sequences are unrelated. But we know the halves are related, namely by a partial internal gene duplication. On comparison with the reversed and unreversed halves, the null hypothesis is that unreversed halves of Cr. vinosum are more similar than the reversed halves to the azotobacter group. This they may properly reject.
The question then becomes, What is the explanation for this? George et al. ( 1985) assume a genetic reversal of the halves. They did not mention the possibility of convergence. Consider the three amino acids between the cys and cys-pro in each of the two halves. For Cr. vinosum, they are QPE-VEV; for Azotobacter vinelandii, they are VEV-EPE. At present, VEV occurs in the last half of no other sequence except Cr. vinosum and EPE occurs in the last half of no other sequences except AZ. vinelandii and the closely related Pseudomonas ovalis. George et al. (1985) inverted the halves of the azotobacter-group sequences so that the first half had a greater abundance of E's, P's, and E's in those three positions Evolution of Prokaryotic Ferredoxins 387 while the second half had a greater abundance of V's, E's, and V's Nevertheless, one still observes V's, E's, and V's in the three positions of the first half and still observes E's, P's, and E's in the three positions of the second half. This can only be explained, even after reversal of some halves, by multiple amino acid replacements of the E-V, P-E, and E-V types. Given multiple occurrences of these replacements in these positions (and similar occurrences in other positions), one may reasonably conclude that no genetic reversal has occurred.
In addition, there is the matter of insertions and deletions. With others not in its group, the azotobacter group shares a gap at position 7. It also shares a gap at positions 1 and 2 in the first half and a third gap at position 3 in the second half. These three gaps can be explained in terms of one deletion event each. If the azotobacter-group sequence halves are reversed, at least three additional insertion/deletion events would be required. Insertion/deletion events are not rare in fex-redoxins, but they are surely among those elements that should be most heavily weighted in judging alignments.
Finally, we ran our ancestor programs on sequences in which the azotobactergroup sequences had had their halves reversed. The net savings was only three nucleotide substitutions. This seemed too small to warrant the assumption of reversal. We therefore are not convinced of the reversal's reality and did not employ it in our analysis.
Phylogenetic Inferences and Comparisons
The tree has a coherence that is inviting in that the photosynthetic and thermophilic organisms each group themselves together as discussed above. The exception to this cohesiveness in the photosynthetic organisms is Rhodospirillum rubrum, which is more similar to CZostridium pasteurianum (12 minimum base differences [MBD]) than is any other clostridium. Moreover, R. rubrum averages >43 MBD vis-a-vis the ferredoxins of other photosynthetic organisms. If this is a phylogenetically unacceptable placement of R. rubrum, then this sequence may well be xenologous-i.e., it may have been acquired by some form of transfection (e.g., by plasmids; see Gray and Fitch [ 19831 for another example of xenology). The possibility of analogy (convergence) to this extent is not reasonable, and paralogy is also unlikely.
The exception to the cohesiveness of the thermophiles is Thermus thermophilus, which lies deep within the azotobacter group. However, remembering that CZ. thermocellum appears to have a second ferredoxin similar to that of CZ. tartarivorum, a member of the thermophiles, it is quite likely that paralogy is the source of confusion here.
Since half of the species in our study are also present in a study from Woese's lab (Fox et al. 1980) , which used oligonucleotide catalogs of 16s rRNA, these two studies may be compared. Fox et al. placed all of the photosynthesizers used in the present study into the purple photosynthetic-bacteria group, but these photosynthesizers were dispersed in that both pseudomonads and desulfovibrios were closer to chromatium than the latter was to rhodospirilla and rhodopseudomonads. Indeed, members of rhodospirilla (and rhodospeudomonads as well) were each sometimes separated from other members of the same genus at great distances (SAB = 0.3). Moreover, chlorobia was even more distantly related (SAB = 0.22) to most of the eubacteria. Thus, there is substantial disagreement between their proposed phylogeny and our tree. We will discuss the relative merits of the two trees after examining some other details and discrepancies. Fox et al. (1980) place the methanobacteria together with the halobacteria in the archaebacteria, whereas, among all other sequences, methanobacteria's ferredoxin is clearly the most similar to the desulfovibrio.
A comparison of five rubredoxins (Desulfovibrio gigas, D. vulgaris, Peptostreptococcus elsdenii, P. aerogenes, and Cl. pasteurianum; Bruschi 1983 ) is consistent with our results here, except that CZ. pasteurianum is closer to the desulfovibrio than to the others.
Results of a comparison of six desulfovibrio cytochrome C3 sequences (Bruschi 198 1) are consistent with those shown here for this group but are not greatly informative, since the D. africanus cytochrome was not present in that group.
Since we assert a lack of confidence in the joining order of taxa separated at peak heights >35 ( fig. 2 ), in that region there is no significant inconsistency between our results and Fox et al.'s (1980) , despite the topological disagreement between our trees and theirs. But for these distantly related taxa, one should not too quickly dismiss our results in favor of theirs. Fox et al. do not state how many alternative trees (if, indeed, any) were examined, nor by what criterion the tree they presented was chosen, nor how close any of the other trees was to the one shown. Until authors inform readers about such matters, we believe readers should view such trees with a measure of skepticism. The best tree is rarely significantly different from a number of other trees. This also can be said for trees derived from nonmolecular data.
There are, however, considerations that bear on the relative merits of these two results-although, unfortunately, they are qualitative in nature. The principal one here would be the problem of paralogous genes arising from gene duplications. As discussed above, we are sure of three-and nearly certain of a fourth-duplication, the fourth duplication necessarily occurring very early in time (at least by the time of the node representing the common ancestor of CZ. thermosaccharolyticum and CZ. pasteurianum); and if that duplication were to have occurred prior to the divergence of any of these species, the apparently anomalous position of iW. barkeri could be accounted for simply because the gene of the latter is not orthologous to those of the other archaebacteria. Indeed, much of what, from some one particular point of view, might appear to be anomalous between our trees and that of Fox et al. (1980) could easily-perhaps too easily-be explained away on such a basis. But paralogy is not a problem restricted to ferredoxins, and it could conceivably lie hidden in the ribosomal RNA sequences as well. It is not enough that there may now be only one gene for them; they must never have had more than one for a long period of time. Nevertheless, the fact that many bacteria appear to have only one ribosomal RNA gene and that, in higher organisms that possess multiple gene copies, there is also a mechanism to assure their identity, speaks in favor of the ribosomal RNAs being potentially more reliable evolutionary markers. That would still leave uncertainty as to the degree to which alternative trees fit the rRNA data.
Partial Internal Gene Duplication
The matter of the partial internal gene duplication cannot be in doubt. In the ancestral sequence obtained using the parsimony method, the two halves differed by only 16 MBD. Using the method of Fitch ( 1970) in testing for evolutionary convergence versus divergence, we can show that the two ancestral halves of the ferredoxin molecule were more alike, at a probability level of 10e7, than would be predicted from their present-day sequences. (Note that no gap has been inserted simply to align the two halves.) This is the first time that this early duplication has been statistically validated. Schwartz and Dayhoff (1978) showed that the two halves were significantly similar, but their test did not distinguish homologous from analogous similarity. On the other hand, the hypothesis of Eck and Dayhoff (1966)-i.e ., that the half molecule was derived by means of multiple tandem duplications of a tetrapeptide-encoding sequence-is not verified, since the estimated ancestral sequence is less representative than the present-day C. pasteurianum of that periodicity. Other evidence against the Eck and Dayhoff hypothesis was presented by Fitch (197 la) .
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APPENDIX

Correction of Limb Length on Most-Parsimonious Trees
It is well recognized that, in most-parsimonious trees, the number of nucleotide substitutions (or amino acid replacements) observed between a sequence and a remote ancestor of it is an increasing function of the number of branching events between the two of them. The effect is to cause lineages with fewer branchings to appear to evolve more slowly. Goodman et al. (1974) developed their augmentation procedure to correct for this property. Although theirs is a good method, it seems not to have been widely adopted. Langley and Fitch (1974) also gave a method, but it requires one to know the expected amount of change. We present here a new and simpler method that also corrects this problem.
The basis for the correction is an estimate of the number of substitutions that are missed for every node that is absent in a lineage. This cannot be known in an absolute sense, but it can be known relative to those nodes present in a particular tree. An example of this is shown in figure Al, which plots, (for the branch lengths of fig.  2 prior to correction) the number of substitutions from the penultimate ancestor to the branch tips as a function of the number of nodes to the branch tip. The two solid lines basically enclose the set. The lower line has a slope showing 5.7 missing substitutions per absent node; the upper line shows 9.0.
In the spirit of the parsimony procedure from which these data derive and in which the total substitutions on the tree are a lower bound, we have chosen to minimally increase lineages with fewer branches, although one can make a plausible argument for a larger value derived from a least-squares fit to these data.
Given that one is going to increase those lineages with fewer nodes, one accepts, uncorrected, all values on all branches leading from the penultimate ancestor to those tips having the largest number of intervening nodes. In the tree in figure 2, there are only two; they are taxa 9 and 10, Clostridium pasteurianum and Rhodospirillum rubrum. The limbs comprising this set of unaltered nucleotide substitutions are called the trunk.
All other lineages must be increased at the rate at which each additional node has been shown to add distance. This should vary from one data set to another but was determined in figure A 1 to be 5.7.
Those lineages that do not branch again after leaving the trunk are easily adjusted. For example, taxon 6, CZ. acidi urici, is reached from the trunk without further branching, and, between it and its penultimate ancestor, there are only nine nodes, four less than the maximum of 13. Thus, 4 X 5.7 = 22.8 substitutions were added to the 6.5 obtained in the most-parsimonious tree, resulting in the 29.3 shown on that leg.
If a lineage branches further after leaving the trunk, one apportions the increment among the intervals in proportion to the number of substitutions already present in the most-parsimonious tree. For example, the portion of the most-parsimonious tree for the lineage leading from the trunk to taxa 18-20 is shown in figure A2 . There are seven, seven, and six intervening nodes for these three taxa, respectively, requiring increments of 34.2, 34.2, and 39.9 substitutions. When there is branching, one calculates first for those limbs leading to the taxa having the largest number of intervening nodes, taxa 18 and 19 in this case. There are, from the trunk to the tips, three intervals of uncorrected length 8.3, 8.5, and 1.0, respectively, the last being the average of zero and two. If 34.2 is to be apportioned among them in proportion to their lengths, then the factor, equal to the ratio of the length to be added to the preexisting length, is obtained. In this case, it is 34.2/(8.3 + 8.5 + 1.0) = 1.92. Multiplying this factor by 8.3, 8.5, and 1 gives the amounts by which those lengths are, respectively, to be increased. In this case, the amounts are 16.0, 16.3, and 1.9, the last of which is to be added to both zero and two. After the required addition, one gets 24.2, 24.8, 1.9, and 3.9, the values shown in figure 2 .
The lineage leading to taxon 20 must now receive its increment, which is 39.9. The portion is that part of the tree for the ferredoxin sequences of Peptostreptococcus elsdenii, Clostridium thermosaccharolyticum, and C. tartarivorum back to the trunk of the tree. The numbers are the minimal number of nucleotide substitutions on these branches for the most-parsimonious tree of the topology shown in fig. 2 . See Appendix text for how these distances are corrected to account for undetected substitutions that are due to absent nodes.
However, 16.0 of it has already been apportioned to the first interval from the trunk, leaving 23.9 to be spread among all remaining intervals by a process like that just given. In this case, there is only one interval of length 17.5, so its increased distance becomes 4 1.4.
The process is repeated for all branches from the trunk. The tree shown in figure  2 was so obtained. The mean f SD distance of the 29 tips from the penultimate node of the most-parsimonious tree is 85.2 + 25.1; after correction for absent nodes, it is 117.7 + 10.6.
Note that the correction is not based on any assumptions of uniform rates of evolution. Indeed, the effect may sometimes make different those distances that previously were similar. For example, the greatest distance from the penultimate node to any tip in the most-parsimonious tree was 117.5 to taxon 4, Bacillus acidocaldarius (nine intervening nodes). The fourth greatest was 113.2 to taxon 9, R. rubrum (13 intervening nodes). They were nearly alike, but taxon 4's distance gets increased by 4 X 5.7 = 22.8, i.e., to 140.3, so that the distance from the penultimate node to this tip becomes considerably greater than the 113.2 to the nonincreased trunk tip of R.
rubrum.
The halobacteria (taxa 30 and 3 1) were used in this process solely as an outgroup, for the purpose of rooting the remainder of the tree. Since it is not possible to know which of those substitutions between the penultimate ancestor and the halobacteria are in the descent from an ultimate root to the penultimate ancestor and which are in descent from that ultimate root to the halobacteria, the distances from the ultimate root are not computable.
Nevertheless, the number of absent nodes between the penultimate ancestor and the halobacteria cannot be legitimately estimated as less than 13 -1 = 12. Accordingly, although the increment should almost certainly be greater, the distance between the penultimate ancestor and the halobacteria was increased by 12 X 5.7 = 68.4.
The height of the ultimate node was set as half the sum of the penultimate ancestor's height plus its distance to the halobacterial ancestor plus the height of the halabacterial ancestor.
As do the methods of Goodman et al. ( 1974) and Langley and Fitch ( 1974) , this method corrects estimates of the amount of change for the bias arising in the more sparsely branching lineages by increasing those estimates in a prescribed manner. In none of these methods is this increment expected to correct for all superimposed changes, i.e., for all multiple changes at a single site. It should make the relative rates 392 Fitch and Bruschi among lineages more reliable but is expected to leave the absolute rates underestimated to the same degree that parsimony has missed them on the trunk. This is likely to be substantial-and is the more serious the greater are the intervals between branches in the tree.
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